Recent findings of almost genetically indistinguishable swine and human strains, have suggested swine play a role in the transmission of hepatitis E virus (HEV). The extent to which HEV may be present and persist in the faecal waste generated from intensive swine operations is largely unknown. The fate of swine waste liquid is often land application, possibly resulting in unintentional seepage into groundwater or run-off into surface waters, hence validating concerns of human exposure risks. Freshly passed swine faeces, barn flush liquid waste, and lagoon liquid from production sites in North Carolina were surveyed periodically for HEV using RT-PCR primers located in ORF2. On three farms where HEV RNA was detected in swine faeces, it was also found in stored liquid waste on several occasions. HEV presence was related to swine age but not to animal management and waste management procedures, which varied amongst the farms.
INTRODUCTION
Often characterized as an emerging pathogen, hepatitis E virus (HEV) is a known cause of epidemic and intermittent cases of enterically transmitted acute hepatitis. Notably, within developing countries, the majority of sporadic cases of viral hepatitis can be attributed to HEV and not the other major hepatotropic viruses (hepatitis A, B or C) (Emerson Gotanda et al. 2007; Dalton et al. 2007; Pé ron et al. 2007; Herremans et al. 2007 ).
Several possible animal reservoirs for HEV have been identified, but it is unclear what role they play in either human hepatitis cases or seroconversion in persons residing within non-endemic areas. Existing microbiological and epidemiological data suggest a potential role of swine in the human transmission of hepatitis E virus. Relevant findings include: global existence of anti-HEV seropositive swine (Meng 2003) , genetic relatedness of swine and human isolates (Meng et al. 1997; Hsieh et al. 1999; Takahashi et al. 2003; Banks et al. 2004; Cooper et al. 2005) , interspecies transmission of swine and human strains (Meng 2003; Meng et al. 1998a) , and high seroprevalence levels amongst swine caretakers (Withers et al. 2002; Meng et al. 2002) . A study of swine workers from North Carolina found nearly 11% (18/165) with evidence of HEV seropositivity (Withers et al. 2002) . Moreover, direct evidence of zoonotic spread involving group consumption of undercooked wild boar meat has been documented (Tamada et al. 2004 ).
In the United States, a novel strain of swine HEV recovered from herds in the Midwest was found to have the greatest homology, at the nucleotide level, to the virus isolated from two human autochthonous clinical cases of hepatitis E (Meng et al. 1997) . In a subsequent US study, 27 HEV isolates from 2-to 4-month-old swine from multiple farms in Iowa and Missouri were genetically characterized. The 348 nucleotide-long sequences most closely resembled only Genotype III strains (including other US human and swine isolates) and displayed little genetic diversity (0-12%). HEV RNA was detected in 35% (34/96) of the pigs and 20 of the 37 swine herds tested (Huang et al. 2002) .
The extent to which HEV may be present in the faecal waste generated from intensive swine agriculture operations, as practised in North Carolina, is largely unknown. 
MATERIALS AND METHODS

Selection and survey of swine production facilities
A total of five farms in central and eastern North Carolina (NC) representing various swine production (growth) stages (feeder, feeder-to-finish and farrow-to-finish) agreed to participate.
Demographics of the farms surveyed are given in Table 1 .
In an 'all-in/all-out' process, animals are moved into and later out of areas (e.g. barns, rooms) as a group, while in a continuous management system, animals are moved into a confinement area intermittently, without respect to the duration of presence of other inhabitants. The weaning of piglets typically occurs after 21 days post-birth or at a weight of 20 kg. In a feeder production system, weaned piglets ('feeders') are produced and sold/raised off-site while a breeding stock of sows is retained. On a feeder-to-finish farm, feeder pigs are raised to market or slaughter weight (usually 100-120 kg). In contrast, a more traditional approach of farrow-to-finish encompasses all steps from breeding to finishing on the same farm.
All farms surveyed were active, had an on-site waste management system, and were either strictly commercial or university affiliated (educational) operations with more than 300 swine on the premises. Repeat sampling occurred for each of farms 1 -4 on a quarterly basis to examine any seasonal fluctuations in prevalence over a period of at least one year. Seasons are defined as winter (December, January, February; average monthly mean temperature for later processing and analysis.
Virus recovery, extraction and concentration
The method for recovery, concentration and purification of HEV in swine wastes was adapted from methods previously developed to detect enteric viruses in municipal and airline sewage (Shieh et al. 1997) . This method was employed given the potentially low levels of viruses in sewage and similar liquid waste with high concentrations of suspended solids.
Initially faecal samples were diluted in sterile phosphate Table 2 ). They were applied previously in the detection of the novel US swine HEV strain (Meng et al. 1998b) . Because the nucleic acid sequence of any swine HEV could differ significantly from previously reported strains, samples were also screened with additional HEV primer sets. The nucleotide sequences of 20 full-length HEV genomes encompassing all genotypes were aligned. Regions
for all three open reading frames showing the greatest homology were examined and primer sets were selected (primer set 2; Table 2 ).
Two-step RT-PCR
For the initial screening of all samples, primer set 1 (Table 2) was used in a two-step RT-PCR protocol which was found to produce the greatest sensitivity in terms of lower level of detection by endpoint titration (J.A. Kase, unpublished data).
All two-step RT-PCR reagents were from the Gene Amp RNA PCR kit (Applied Biosystems; Foster City, California) with previously described initial RT-PCR conditions and those recommended by the manufacturer (Meng et al. 1998b) . The subsequent nested PCR assay used 10 ml of the first round PCR product and 40 cycles consisting of: 1 minute at 948C, 1 minute at 528C, and 2 minutes at 728C. Positive (e.g. US swine HEV) and negative controls were included.
One-step RT-PCR
For a second screening of selected samples, primer set 2 (Table 2) 
Sequence analysis of PCR amplicons
Nucleic acid sequencing of probable HEV amplicons was done through the University of North Carolina (UNC-CH) Automated DNA Sequencing Facility. In preparation for sequencing, PCR reactions were subjected to the QIAquick PCR purification kit (Qiagen Inc.; Valencia, California). 
RESULTS
Samples collected from all farms were processed and analysed for the presence or absence of HEV RNA by PCR using the described methods. Overall, HEV was not detected in any sample at any survey time point for farms 1 and 4. On the other hand, using primer set 1, at least one sample from farms 2 and 5 contained detectable amounts of HEV RNA at every sampling. HEV RNA was detected at farm 3, with more variability in occurrence than at farms 2 and 5. In addition, certain selected samples from a farm in which HEV RNA was not detected and samples from a farm in which HEV RNA was detected in some but not all of the samples were further screened using primer set 2; no new positive samples were identified. Tables 3 and 4 present results for farms 2, 3 and 5.
Farm 1
Farm 1 is a university-affiliated farrow-to-finish farm (Table 1) .
Populations of swine are transient and dependent mainly on were confirmed by these analyses.
Farm 2
Farm 2 is a smaller, university-affiliated farrow-to-finish farm (Table 1) . The smaller farm size permitted freshly passed faeces Barn 1 (composite faecal sample) P (5D) * P P Barn 2 (composite faecal sample) P were collected at all time points.
As presented in Table 3 , HEV RNA was detected in several faecal and liquid samples collected. Although many of the faecal samples tested were negative for HEV genomic RNA, those coming from swine approximately 3 months of age were positive with one exception (winter-finishing barn). In general, swine less than 2.5 months and those four months or older were not found to be excreting detectable amounts of HEV.
Liquid waste samples obtained from farm 2 were also positive for HEV RNA except for the summer survey samples (Table 3) . HEV genomic viral amplicons were detected in lagoon liquid samples obtained during the spring, fall and winter. However, all barn flush samples except for one were negative for HEV RNA; a winter sample from the finishing barn was HEV-positive. Based on comparison to known, published sequence information for other HEV strains, HEV RNA presence was confirmed in samples from the spring and summer surveys (Table 3 , Figure 1 ).
Farm 3
Farm 3 is a commercial feeder production farm where piglets are weaned at age 21 days and shipped off site (Table 1) Of faecal samples collected on six different sampling dates, only one faecal sample taken from a farrowing barn during the second winter survey was positive for swine HEV (sHEV) RNA by PCR analysis and nucleic acid sequencing (Table 3 ).
In contrast, sHEV RNA was detected in barn flush samples collected during two separate winter visits and a spring visit. In the case of winter (visit 2), both farrow and gestation barn flush samples had detectable genomic sHEV.
HEV genomic RNA was detected in lagoon samples taken at the same time points as positive barn flush samples (Table 3 ). In addition, a lagoon sample taken during the winter 3 survey contained detectable sHEV RNA. However, it was only during the winter 2 survey that samples from 
Farm 4
Like farm 3, farm 4 is also a commercial feeder production facility (Table 1) . Swine are housed within seven separate barns: three gestations, three farrowing and one breeding. Moreover, faecal and liquid waste samples collected previously during preliminary studies also were found not to contain detectable HEV RNA (data not shown).
Selected samples, specifically those from the spring and fall samplings, were further screened with primer set 2 and confirmed previous positive results.
Farm 5
Farm 5 was a commercial feeder-to-finish farm where swine were housed in four barns (880/house) and stand on slatted floors (Table 1) Figure 1 . Interestingly, the NC isolates appear throughout the Genotype III grouping, with isolates from the same farm appearing in different clusters.
Repeated analysis was conducted with the same genetic information using several of the available models (e.g. & Nei 1987) . None resulted in a radically different dendrogram.
Saitou
DISCUSSION
Political pressure has encouraged North Carolina farms to consider progressive alternative waste management strategies for the massive amounts of faecal waste produced from intensive swine facilities that, until now, have not been examined for their influence on sHEV prevalence. Furthermore, continued media attention and proposed stricter industry regulation illustrate the need for sound scientific data for policy making regarding potential public health and environmental impacts.
In this study, five swine production operations were surveyed and HEV viral RNA was detected in swine waste collected from three farms (Tables 3 and 4) . A similar study, but focused only on Midwestern farms, found sHEV in a majority of faecal slurry material but in a minority of the eight lagoons tested (Kasorndorkbua et al. 2005) . Since farms were only visited once, seasonality was not assessed in that study. Pigs from six farms tested positive for sHEV but a relatively low number of individual swine from each farm were sampled. Infectivity of recovered virus from a manure pit was documented in two out of three specific pathogen-free pigs by intravenous inoculation but not by oral inoculation. Notably, one pig did seroconvert to HEV following intravenous inoculation with lagoon inoculum but did not exhibit viral faecal shedding.
To examine seasonal patterns of HEV prevalence, repeat farm sampling was done in different seasons of the year in this study. Viral genomic HEV material was detected at all seasonal sampling time points from farms 2 and 5 (Tables 3 and 4) . These results suggest little seasonal influence or perhaps the carry over of virus from season to season. On farm 3, only one faecal sample (farrowing barn) was ever found to be positive for HEV out of the 36 samples analysed. However, liquid swine waste samples from both spring and winter sampling were positive for HEV (Table 3) , indicative of the periodic presence of sHEV in the animals, but more consistent presence of sHEV in the accumulated swine waste.
In general, on farm 2, swine less than 2.5 months and those four months or older were not excreting detectable amounts of HEV (Table 3) . These findings for age-related sHEV presence in the animals are consistent with previous studies, as swine are believed to become susceptible to HE infection following a waning of any protective maternal antibodies (Meng et al. 1997; Wu et al. 2002) and the majority of adult swine have anti-HEV IgG antibodies, suggesting previous infection that occurred some time ago (Meng et al. 1997) . One unexpected finding was that none of the swine in the probable susceptible age group from the other academic farm surveyed, farm 1, was found to be excreting detectable amounts of sHEV. The reasons for the presence of sHEV in juvenile swine of about the same age on one farm but not another cannot be explained from the limited sampling of this study.
The extent to which swine management and cleaning regimes influence HEV presence in swine faeces and waste is uncertain from the results of this study. There were no major differences in such practices between the two academic farms (farms 1 and 2), yet considerable disparity in their HEV prevalence. One possible explanation for the consistent presence of HEV on farm 2 may be that the source of water for barn flushing is liquid from lagoon 3 which has been shown to contain HEV RNA (Table 3) (Ward 1982; Ward et al. 1986 ).
Only spring and winter sampling of farm 3 indicated the presence of HEV RNA (Table 3) 
CONCLUSION
The results of this study provide evidence that sHEV is endemic within swine populations in North Carolina. To our knowledge this is the first study to consider how farmrelated variables (i.e. swine production system and waste management system) might influence the prevalence and persistence of HE infections and sHEV presence in swine faeces and collected swine wastes. North Carolina swine farms represent the growing trend in the swine industry of using separate farms for swine of different age groups, along with more progressive and effective waste management strategies. Although rigorous quantitative analysis was not possible due to the small number of farms represented and viability of recovered virus was not addressed, this study provides preliminary evidence of sHEV presence and persistence in treated and stored swine wastes as well as fresh faeces.
On all three North Carolina farms where HEV RNA was detected in swine faeces, it was also found in stored liquid waste on several occasions over the duration of the study. Such liquid waste is often land applied, creating the potential for unintentional seepage into groundwater or run-off into surface waters, including waters used for recreational bathing and shellfishing, and possible contamination of produce by irrigation with HEV-contaminated water or waste, all of which create risks for human exposure.
